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			Abstract 

			Recent success in breeding of the giant pandas in captivity has encouraged panda conservationists to believe that the ex situ populations can serve as an available and practical approach for supporting the wild populations. However, microsatellite analysis has revealed that the captive populations retain lower genetic diversity compared with those of the wild. For this reason, introduction of genetic materials from wild pandas into captive populations is very necessary for sustainable and effective conservation regime of genetic diversity in the captive pandas. In order to perform genetic input from wild populations effectively, two crucial issues must be intensively investigated. 

			The first issue is which population is the priority for genetic input, and the second one is that how many migrants are imported each generation. In this study, genetic variability that presented in captive as well as wild populations was analyzed. Via comparison with estimators of genetic diversity among populations, e.g., contributions for each population to diversity ([image: ] , [image: ] , [image: ] ) and differential indicators ([image: ] and [image: ]) Boxing population is the best donor for genetic input. Further, the OMPG method was employed to simulate the situation of genetic input from Baoxing population into the captive population. The results suggested this genetic input can offset genetic deterioration of the captive population in small size (Ne=50) for long-term (50 generations) maintaining the genetic diversity at the stable or even higher level of initial population. This will be a powerful reference for making decisions on conservation of genetic diversity of giant panda in the future.

			Keywords: Genetic input; Giant panda; Captive breeding; Ompg Rule; Simulation

		

		
			Introduction

			The giant panda, Ailuropoda melanoleuca (Carnivora, Ursidae), which is one of the world’s most endangered mammals as well as arguably the world’s most recognized flag species [1] distributes only in China, especially in Sichuan province, south-western China [2] The preservation and maintenance of giant panda populations is long-term concern and interest in conservation strategies. According to the 4th national survey of giant pandas, there are 1864 individuals living in 33 fragmented populations worldwide [3], compared with 1596 in 1999. Therefore, the International Union for Conservation of Nature (IUCN) recently down listed giant pandas from “endangered” to “vulnerable” [4]. However, giant panda populations are still threatened especially for populations with small size and isolated by habitat fragmentation and degeration, bamboo shortage, and mismanagement of reserves [5], as well as the effects of climate change [6-7]. There is also a 

phenomenon in the wild that the inbreeding level of giant pandas is higher than expected [8]. So there is a need for reintroduction of individuals into small population for preventing the reduction of genetic diversity into giant panda population [9], and active management which included habitat restoration, translocation, and reintroduction is essential to reduce the extinction risks faced by most panda populations [MacKinnon et al., 1989]. Unfortunately, although widely advocated in conservation biology, in reality, adaptive management is rarely implemented [10], a comprehensive ex situ management plan with a targeted population size, and genetic diversity goals; and if needed, approaches for preparing captive-bred pandas for release to the wild which was provided by [11] in a non-exhaustive overview of the types of management questions that need to be addressed using an adaptive management paradigm.

			In recent years, a great leap of population growth by much success in captive breeding programs is achieved benefited from substantial new knowledge has been acquired on panda behaviour, reproductive physiology, endocrinology, nutrition, genetics, primarily AI and veterinary care [12-16]. Moreover, by comparing and analysing ancient mitochondrial DNA sequences and modern giant pandas, it is found that genetic diversity is less affected by habitat contraction [17]. The programs, however, focus more on the reproduction of cubs and less on conservation of genetic diversity. The overall demographic goal for captive populations is to increase the population, as rapidly as possible and the genetic goal for these populations is to retain the founder’s genetic diversity, as unchanged as possible over time [18].

			Although the panda population in captivity has increased, the genetic diversity of the captive population is low compared to that in the wild; the genetics of the captive population need to be carefully managed [19-20]. Although there are currently sufficient wild-caught individuals in the captive population (both founders as well as potential founders that have not yet reproduced) to achieve the genetic goal if a sufficient intensity of genetic management, but most of potential founders are too old (or sick), they cannot contribute to the captive population at all, and moreover, founders with sharply different contribution rates to the population development in captive population Zhang .

			One of the core concerns for giant panda conservationists is to maintain a high level of genetic diversity in captive breeding programs by minimizing selection to captivity because it is related to fitness, inbreeding depression and survival of giant panda individuals. Introducing genetic materials from wild pandas into captive populations is one of effective on-the-ground actions to maintain the level of the genetic diversity in captive pandas to be representative of the wild populations [21]. The ultimate goal is maintained all alleles sampled in the wild population that could help for future reintroduction program. It might take several steps to achieve this goal. In the first step, we need improve the genetic diversity of the captive population efficiently. In order to manipulate genetic input from wild populations effectively, two crucial issues must be intensively investigated. The first issue is which population is the priority for genetic input, and the second one is that how many migrants need to be imported each generation.

			In this study, genetic variability presented in two captive (Chengdu Research Base of Giant Panda Breeding and the China Research and Conservation Center for the Giant Panda at Wolong) and three wild (Baoxing Nature Reserve, Wanglang Nature Reserve and Tangjiahe Nature Reserve) populations was analyzed by microsatellite markers, we took the two captive populations (Chengdu and Wolong) as a whole captive populations due to the captive population is cooperatively managed with some level, and the cooperation is becoming closer in recent year, and there was gene flow between the two captive populations [22]. Additionally, the estimators of genetic diversity such as contributions for each population to total genetic diversity and intrapopulation as well as interpopulation genetic diversity ([image: ] , [image: ] , [image: ] ) and differential indicators ([image: ] and [image: ])  were used to decide which population was the priority for the genetic input. The one migrant per generation (OMPG) rule was employed to maintain the level of genetic diversity of captive population because it has been proved effective for analyzing gene flow between subpopulations [e.g. 23-29]. To date, it has also been applied widely to the simulation studies on various species [30-32].

			In essay, genetic structures of the captive and captive-immigration populations based on 11 microsatellite datasets were established. Captive-immigration populations are defined that the captive populations with one panda (male or female) migrates from Baoxing population. Furthermore, the changes of genetic diversity over generations of those populations were investigated by computer simulation experiments. The results showed that this genetic input can offset genetic deterioration of the captive population in small size (Ne=50) for long-term (50 generations) maintaining the genetic diversity at the stable or even higher level of initial population. There are significant differences in genetic diversity between the captive and captive-immigration populations. Our study results will be a good guide not only for making the genetic input plan to guarantee that the maintenance of high level of genetic diversity in captive population to make it representative, but also for ‘self-sustaining’ ex situ and/or in situ populations.

			Materials and Methods

			Study Area

			[image: ]

			Samples of the captive population were collected from Chengdu Research Base of Giant Panda Breeding (104.1ºE, 30.7ºN; n= 49) and Wolong Chinese Giant Panda Breeding Center (102.5ºE, 30.5ºN; n= 34). Samples of wild pandas were collected from three populations in two different mountain regions, including Baoxing (102.8ºE, 30.4ºN; n= 25) in the Qionglai mountains, Wanglang (104.5ºE, 32.5ºN; n= 31) and Tangjiahe (105.1ºE, 32.6ºN; n= 33) in the different fragmented patches of Minshan mountains. The detailed information is shown in (Figure 1).

			Microsatellite Data Set 

			Computer simulation experiments are base the allelic frequencies of 11 microsatellite loci, which were genotyped by ABI 310 system [7,20,33]. Frequencies of Allele and private alleles for each locus were analyzed through the software Convert 1.31 [34]. The dataset in detail was shown in (Table 1).

			Evaluation of the Contribution for Each Population

			The contributions of each population to the overall diversity followed the method of Petit et al. [35] The contribution of the kth population to total diversity can be calculated as [image: ]  where is overall genetic diversity [image: ]  and is the genetic diversity of set excluding kth population. The contributions of each population to intrapopulation genetic diversity can be quantified as [image: ] , where is diversity of kth population, and [image: ] is intrapopulation diversity of population set excluding kth population. [image: ] are the contributions of population to interpopulation and? [image: ] The absolute [image: ]  and relative  [image: ] differentiation of kth population can be calculated as following formula: [image: ] , [image: ] 

			Computer Simulation Study

			General consideration
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			Based on microsatellite dataset, the population genetic structure of captive and three wild populations were established and the dynamic changes of genetic diversity of captive and captive-immigrant population which is submitted to OMPG rule were investigated. The computer experiments were implemented by a computer program written in Fortran 90. Number of generations simulated is 50, and number of iterations is1000. Procedure frame chart of simulation see (Figure 2).

			Genetic structure of population

			The genetic makeup of populations, including captive and wild populations, was determined by dataset of 11 microsatellite loci, which are assumed as neutral markers and independent and randomly location on whole genome. The gene and genotype of each locus is simulated on allelic frequencies of 11 molecular marker loci, which were shown in Table 1. The further detailed frequencies on marker loci were depicted in Shen [20]. 

			Table 1: Number of Alleles at 11 microsatellite loci for 4 giant pandas’ populations.

			
				
					
					
					
					
					
				
				
					
							
							
							Populations

						
					

					
							
							Captive

						
							
							Wanglang

						
							
							Baoxing

						
							
							Tangjiahe

						
					

					
							
							Number of private alleles

						
							
							3

						
							
							8

						
							
							13

						
							
							2

						
					

					
							
							Number of absent alleles

						
							
							4

						
							
							10

						
							
							3

						
							
							9

						
					

					
							
							Average number of alleles per locus

						
							
							5.82

						
							
							5.64

						
							
							7.36

						
							
							5.09

						
					

				
			

			Maintenance of population

			Assuming new immigrants would keep average genetic retention, and from the studbook analysis, Ne/N ranged from 0.164 (the poor breeding achievement in 2011) to 0.264 (the best achievement in 2008) and the generation time is 11.608 for male, 10.461 for female, we adopt Ne/N =0.2, T (generation interval) =11 in our model. In order to get the high-level genetic diversity in each generation, the reproduction strategy is random mating, that is, each male panda is mating with one female at random. In the wild population, the male can mate with many female individuals, but in captive population, the mate selection can be controlled by human activities. So, we adopt Ne≈50 due to the size of captive population is 246 which are based on actual situation at the time when sample was collected in 2010, namely, only 25 males and 25 females were supposed to contribute to next generation.

			We simulated the populations by stepping through a series of events that describe an annual cycle of a typical sexually reproducing, diploid organism, mate selection, reproduction, mortality, and so on. The data and parameters are summarized in Table 2. Age of first offspring was entered as 5 years for both males and females, respectively. The annual maximum number of progenies per female was listed as 3, in case of triplets. The maximum age of reproduction was entered as 20 years. An equal sex ratio value was assigned for males and females at birth.

			 According to the parameters used for simulations in Table 2 and studbook analysis used for life table, we can get the enlarged rate of population size is about 4% in each generation and the rate generation overlapping is 20%, namely, 20% panda individuals in each generation is from last generation. 

			Indicators of Genetic Diversity 

			Indicators including the observed number of alleles (Ao) and the number of effective alleles (Ae) observed (Ho) and expected (He) heterozygosity, the number of polymorphic loci (Np) were utilized to quantify the genetic diversity of a given populations.

			Simulation of Genetic Input 

			The OMPG simulation followed the method by Mills and Allendorf (1996), e.g., one-migrant-per-generation is introduced to captive population from the wild. In the study, the donor population is selected by the parameters such as   and  . Captive-immigration populations are defined that the captive populations with one panda (male or female) migrates from Baoxing population.

			Table 2: Parameters used for simulations.

			
				
					
					
				
				
					
							
							Input Parameter

						
							
							Value

						
					

					
							
							Proportion of female reproduction

						
							
							0.30a

						
					

					
							
							Maximum reproduction age (senescence) (year)

						
							
							20

						
					

					
							
							Age of first reproduction (female/male)

						
							
							5-May

						
					

					
							
							Sex ratio at birth (percent males) (%)

						
							
							50

						
					

					
							
							Initial breeding population size

						
							
					

					
							
							Mortality of males between age 0 and 1 (%)

						
							
							20

						
					

					
							
							Mortality of males between age 1 and 2 (%)

						
							
							5.3

						
					

					
							
							Mortality of males between age 2 and 3 (%)

						
							
							2.3

						
					

					
							
							Mortality of males between age 3 and 4 (%)

						
							
							8.6

						
					

					
							
							Mortality of males between age 4 and 5 (%)

						
							
							1.9

						
					

					
							
							Mortality of adult males (5≤age≤20)

						
							
							7.3

						
					

					
							
							Mortality of females between age 0 and 1 (%)

						
							
							20

						
					

					
							
							Mortality of females between age 1 and 2 (%)

						
							
							1.4

						
					

					
							
							Mortality of females between age 2 and 3 (%)

						
							
							1.4

						
					

					
							
							Mortality of females between age 3 and 4 (%)

						
							
							1.8

						
					

					
							
							Mortality of females between age 4 and 5 (%)

						
							
							6.3

						
					

					
							
							Mortality of adult females (5≤age≤20)

						
							
							6.5

						
					

					
							
							Singletons (%)

						
							
							51.5

						
					

					
							
							Twins (%)

						
							
							48

						
					

					
							
							Triplets (%)

						
							
							0.5

						
					

					
							
							Overall offspring sex ratio

						
							
							1:1 (50% male, 50% female)

						
					

					
							
							Inbreeding depression (lethal equivalents/recessive lethal)

						
							
							3.14/50% b

						
					

					
							
							Effect by catastrophe

						
							
							No

						
					

					
							
							Mate monopolization

						
							
							No

						
					

					
							
							
					

				
			

			Note: a 30% was derived by pedigree records; b the average estimate for lethal equivalent was based on the study for 45 species of mammals.

			In order to investigate the effects of genetic input, the management skill of captive and captive-immigration population is same, including of reproduction strategy, the rate of generation overlapping and changes of population size.

			Results

			Evaluation of the contribution of each population

			Table 3: Evaluation of genetic diversity and divergence of four giant pandas’ populations.

			
				
					
					
					
					
					
					
				
				
					
							
							Population

						
							
							DST

						
							
							GST

						
							
							CT

						
							
							CS

						
							
							CD

						
					

					
							
							Captive

						
							
							0.086

						
							
							0.109

						
							
							-0.011

						
							
							-0.013

						
							
							0.002

						
					

					
							
							Wanglang

						
							
							0.074

						
							
							0.093

						
							
							0.002

						
							
							-0.015

						
							
							0.017

						
					

					
							
							Baoxing

						
							
							0.075

						
							
							0.096

						
							
							0.044

						
							
							0.029

						
							
							0.015

						
					

					
							
							Tangjiahe

						
							
							0.062

						
							
							0.079

						
							
							0.014

						
							
							-0.017

						
							
							0.031

						
					

				
			

			The results from evaluation of genetic diversity and divergence for four giant pandas’ populations are shown in Table 3. Baoxing giant pandas population has the largest  ,   and , which means that it’s contributions is the most to the total genetic diversity among four populations. So, Baoxing population was considered as the donor population.

			OMPG Rule in Conservation

			According to the results shown in Table 3, in the simulation experiment, one individual per generation migrates from Baoxing population into the captive population. The results are also shown in Figure 3-7. The simulation results showed that the trend of the genetic diversity of captive population decreases over time. But the captive-immigration population had a significantly positive effect on five diversity indicators. For captive, Ae, Ao and Np from 3.4819, 5.5603,11 in the first generation decrease to 2.2056, 3.1115, 10.459 in the 50th generation, about 36.66%, 44.04% of genes loss respectively and 4.92%of the polymorphic sites was introduced into monomorphism sites, and a reduction of 37.51%, 45.67% compared with the base population while He and Ho decreased by 27.18%, 27.22% and 27.65%, 28.28% compared with the first generation and the base population in the 50th generation respectively. 
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			For captive-immigration population that had received OMPG from Baoxing population, Ae and Ao arise from 3.5457, 5.929 in the first generation to 3.6916, 6.4859 in the 50th generation, about 4.12% and 9.39% of genes increasing, Np maintained at 11 over generations, and an increase of 4.59%, 13.25% compared with the base population while He and Ho increase by 4.28%, 4.58% and 3.99%, 3.41% compared with the first generation and the base population respectively, which means that the polymorphic sites remain stable. Test of significance by One-way ANOVA showed that the differences were very significant (p<0.001) for the five genetic indicators between the two populations.
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			Discussion

			Dynamics of genetic diversity in limited population size

			Although the 4th national survey of giant pandas, there are 1864 individuals living in 33 fragmented populations worldwide [36] giant panda populations are still threatened especially for populations with small size and isolated by habitat fragmentation and degration, bamboo shortage, and mismanagement of reserves [5] and other factors such as insufficient subsidies for conservation programmed, poaching [37] and earthquake [38] and climate change.

			This could lead to lower heterozygosity and a rapid loss of alleles because of genetic drift [39-40]. The current situation of genetic diversity on giant panda is faced by challenges. Microsatellite analysis has revealed that the ex situ populations contain lower genetic diversity compared with those in the wild Shen et al. Our results suggest that genetic diversity, including five measures, is decreased consequently over generations because inbreeding and genetic drift could not be avoided in limited population size. 

			How to maintain the populations at a high level is crucial management to meet the goal to create a ‘self-sustaining’ captive or isolated wild population in limited size. A ‘self-sustaining’ population should sustain 90% of the founding population’s genetic variability for 100 years, equivalent to the time required for habitat recovery [41-42]. Our result showed that introduction of genetic materials from wild pandas into the captive population is a necessary step for the captive pandas to be representative of the wild populations. 

			In the wild, because of the destruction and fragmentation of habitat [43-44] populations are limited in size. Some population is about several individuals. Our result suggested that reintroduction from captive to wild population [9]. So, there is a need for reintroduction of individuals into small population for preventing the reduction of genetic diversity into giant panda population [9] and active management which included habitat restoration, translocation, and reintroduction is essential to reduce the extinction risks faced by most panda populations [45]. 

			Population for Genetic Input

			Most of initial individuals in captivity originated from three protected regions including Qionglai, Liangshan, and Minshan Mountain. The wild populations in these areas were chosen as candidates for genetic input so that they could help support sustaining genetic stability of the captive population. The results shown in Table 1 illustrated that Baoxing population (in Qionglai Mountain) retains the highest allele richness and the most private alleles among three populations. Additionally, the “genetic contribution methods” also support this conclusion (Table 3). 

			Therefore, Baoxing population is the best donor for genetic input. Interestingly, Nature reserves in Baoxing were located very closely to the captive facilities (Figure 1). It will be more convenient to introduce the wild individuals (or semen and other genetic materials) to the captive population. In addition, the similar climate conditions and food resources in the ex-situ environment will be helpful for the “Introduction” [46-53]. In order to confirm that the best population is Baoxing population, we simulated the effect of genetic input from Tangjiahe population and Wanglang population, the results shows that the best donation population is Baoxing population from the level of genetic diversity over generation perspective.

			Number of Migrants per Generation

			Migration among genetically disjunctive breeding subpopulations can reduce positive and negative effects of fragmentation [25,27,39]. A widely cited figure is that one migrant per generation exchanged between pairs of subpopulations can prevent progressive genetic divergence [25,27,39]. This rule is based on Wright’s island model with a long list of simplifying assumptions Wang. The present results showed that this genetic input can offset genetic deterioration of the captive population in small size (Ne=50) for long-term (50 generations) maintaining the genetic diversity at the stable or even higher level of initial captive population. Genetic input will not only provide a better tool for genetic variability of the captive population, but also potentially save scarce alleles from small, isolated populations.

			Conclusion

			The results of this study suggest that Baoxing population is the best donor for genetic input with OMPG rule. And the introduction from the wild population in successive generations can offset genetic deterioration of the captive population in limited size (Ne=50) for long-term time scale (50 generations, almost 300 years). On the other hand, the wild populations which are in small population size owing to location in fragmented habitats can increase and/or maintain the level of genetic diversity by re-introduction from the captive population or exchange among other wild population by corridors among habitats. The exchanges within populations could meet the goal of giant panda breeding, a ‘self-sustaining’ population, which the population should contain 90% of the founding population’s genetic variability for 100 years, equivalent to the time required for habitat recovery [41-42].
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Figure 3: The observed number of allele under different
populations over generations(captive population and captive-
immigration population that received OMPG from Baoxing
population, T and L are error bars i.e. S.D, the same below).
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Figure 2: Procedure frame chart of simulation.
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Figure 7: The number of polymorphic loci under different
populations over generations
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Figure 4: The number of effective alleles under different
populations over generations
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Figure 6: The observed heterozygosity under different
populations over generations
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Figure 1: Distribution of the giant panda presented in the study
in Sichuan province, China
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